Abstract: Hydroxyapatite (HAp) nano-particles were synthesized by a hydrothermal process under different initial pH conditions (pH 9.00~10.50). All resulting particles were identified to be single-phase HAp. With increasing of initial pH values, Ca/P molar ratios increased closely to that of the stoichiometric HAp value of 1.67. The morphologies and ultrastructures of these particles were observed using high-resolution transmission electron microscopy. These results indicated that the resulting particles were fiber-shaped single crystals with preferred orientation to the a-plane at low pH values. However, at high pH values, the resulting particles were plate-shaped polycrystalline crystals with preferred orientation to the c-plane.
INTRODUCTION
Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HAp) is an inorganic compound constituent of human bone and teeth, and it has superior biocompatibility and bioactivity 1, 2 . HAp has been widely used as a substituted biomaterial for hard tissues 3, 4 , adsorbent for bio-related substance 5, 6 , ion exchange 7, 8 , and so on. It has a hexagonal crystal structure with P6 3 /m space group, and its unit cell parameters are a(b)-axis = 0.943 nm and c-axis = 0.688 nm 9, 10 . There are two types of crystal planes: a(b)-planes and c-planes in the HAp crystal. The a(b)-planes are rich in calcium ions and positively-charged whilst the c-planes are rich in phosphate ions or hydroxide ions and negatively-charged 11 . In recent years, with the development of nanotechnology, nano-sized HAp has attracted much attention and now been widely used as highperformance materials 10 . HAp nano-particle can be synthesized by a variety of methods such as hydrothermal technique 12, 13 , sol-gel process 14, 15 , ultrasonic thermally assisted process 16, 17 , microwave method 18, 19 , co-precipitation method 20 and so on. In the case of hydrothermal process, HAp nano-particles can be easily synthesized from alkaline suspension which contained calcium ions and phosphorus ions, and the particle morphology are influenced signifycantly by the initial pH conditions [21] [22] [23] .
In the present work, we focused on the investigation of the influence of initial pH conditions on the ultrastructure of HAp nano-particles synthesized by hydrothermal process. The HAp nano-particles were synthesized under different initial pH conditions, and their properties and ultrastructures will be examined by powder X-ray diffractometry (XRD), fouriertransform infrared (FT-IR) spectroscopy, inductively coupled plasma atomic emission spectrometry (ICP-AES) and high-resolution transmission electron microscopy (HR-TEM).
MATERIALS AND METHODS

1) Preparation of HAp nano-particles
HAp nano-particles were synthesized by a hydrothermal process under 6 experimental conditions, as shown in Table 1 
2) Characterization of the resulting HAp nanoparticles
The crystalline phases of the resulting particles were identified by XRD (MiniFlex, Rigaku, Japan) using Cu-K  radiation operating at 30 kV and 15 mA. XRD data was collected at the following conditions: 2θ range of 3º-50º, scan rate of 4º per minute and sampling width of 0.02º. The FT-IR was performed at room temperature using the KBr pellet technique. The measuring range was 400-4000 cm -1 (IR Prestige-21, Shimadzu, Japan). Calcium and phosphorus contents of the resulting particles were determined by ICP-AES (SPS7800, SII Nanotechnology, Japan). The solutions of quantitative analysis were prepared using the following methods. Approximately 5 mg of sample powder was dissolved in 1 cm 3 HNO 3 (65 mass%, Merck suprapur, Germany) solution, and then diluted to 100 cm 3 with deionized distilled water. The concentration of standard curves for calcium and phosphorus were in the range of 5 to 100 ppm and 1.63 to 32.6 ppm, respectively. Furthermore, the ultrastructure of the resulting powders was examined by HR-TEM (JEM-2100F, JEOL, Japan) at 200 kV. HR-TEM samples were prepared by dispersing the particles in ethanol and collecting them onto the carbon-coated copper grids (200 mesh, JEOL, Japan).
RESULTS AND DISCUSSION
The calcium-phosphate suspension which was formed from initial pH 9.50 (before hydrothermal treatment) was filtered and freeze-dried. The XRD pattern, HR-TEM image and selected area electron diffraction (SAED) pattern of the precipitates are shown in Fig. 1 (a)~(c). The XRD pattern ( Fig. 1(a) ) was broad, with a maximum at ~30º. The precipitates exhibited an irregular morphology of diameter ~20-80 nm ( Fig. 1(b) ), and the corresponding SAED pattern ( Fig. 1(c) ) showed a halo pattern. Hence, this precipitate was regarded as an amorphous calcium phosphate 24, 25 . From the other five synthesis conditions, the precipitates also showed similar results.
The XRD patterns of the resulting particles with different synthesis pH values are shown in Fig. 2 (a)~ (f). All the products were identified as single-phase HAp 26 . Figure 3 (a)~(f) show the FT-IR spectra of the resulting particles. In all the spectra, absorption bands were observed at 960, 1030 and 1100 cm -1 assigned to P-O stretching vibration, at 570 and 600 cm -1 assigned to O-P-O bending 27 , and at 1650 and 3570 cm -1 assigned to OH -groups 28 . In addition, a weak absorption bands at 870 cm -1 assigned to P-OH stretching vibration of HPO 4 2-group 29 was detected in the samples which synthesized from initial pH 9.00 and pH 9.25 ( Fig. 3(a' ) and (b')). 
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The calcium and phosphorous contents of the resulting particles were determined using an ICP-AES. The Ca/P molar ratios were calculated and shown in Fig. 4 . For low initial pH conditions (pH 9.00~9.25), the Ca/P molar ratios of the products were lower than 1.67. For high initial pH conditions (pH 9.50~10.50), the obtained values were very close to 1.67. The results from FT-IR and Ca/P molar ratio suggested that when the initial pH was low, HPO 4 2-ions would be incorporated into the PO 4 3-site of the HAp structure to compensate for the charge imbalance caused by the lack of Ca 2+ ions 30 , and the products could be regarded as calcium-deficit HAp with composition of Ca 10-z (HPO 4 ) z (PO 4 ) 6-z (OH) 2-z (z = 0-1) 31 .
The particle morphologies of the products were observed using HR-TEM, and displayed in Fig.  5 (a)~(f). In Fig. 5(a) , the resulting particles synthesized from initial pH 9.00 were fiber-shaped with long-axes of ~150-200 nm and short-axes of ~15-30 nm. For the resulting particles which synthesized from initial pH 9.25 and 9.50 (Fig 5(b) and (c)), the fiber-shaped particle morphology was retained, but the length of long-axes became progressively shorter. For the initial pH 9.75 and pH10.00 (Fig. 5(d) and (e)), the resulting particles exhibited reed-shaped or irregular plate-shaped of random sizes. At the initial pH 10.50 (Fig. 5(f) ), the obtained particles became hexagonal or irregular plate-shaped of sizes ~20-50 nm. Figure 6 (a) shows a low-magnification HR-TEM micrograph of HAp nano-particle synthesized at initial pH 9.00. Ultrastructure observation was performed in three areas (A, B and C) along the long-axis of the fiber. The middle-magnification lattice image of area A and the corresponding fast fourier transform (FFT) pattern are shown in Fig.  6(b) . From this lattice image, one could observe two types of orthogonal linear lattices. Ten lattice spacings along the short-axis and long-axis of the FIGURE 2 XRD patterns of the products synthesized at different initial pH values: (a) pH 9.00, (b) pH 9.25, (c) pH 9.50, (d) pH 9.75, (e) pH 10.00 and (f) pH 10.50. FIGURE 3 FT-IR spectra of the products synthesized at different initial pH values: (a) pH 9.00, (b) pH 9.25, (c) pH 9.50, (d) pH 9.75, (e) pH 10.00, (f) pH 10.50, (a') pH 9.00 (low wave number range) and (b') pH 9.25 (low wave number range). fiber were determined to be 4.7 nm and 3.4 nm, respectively. Therefore, the average lattice spacing along the short-axis and long-axis were 0.47 nm and 0.34 nm, respectively. The lattice spacings of (110) plane and (002) plane of HAp crystal are 0.472 nm and 0.344 nm, respectively. These values were almost identical to the measured values. The corresponding FFT pattern showed clear spots of highly crystalline, and was identified as that of HAp along [110] zone axis. Figure 6 (c) shows a high-magnification lattice image of area A. One unit cell of HAp crystal observed from a-plane direction is a rectangle of 0.688 nm high and 0.944 nm long. In this lattice image, the same rectangle with highly periodic sequence could be observed. The other two areas (B and C) had similar ultrastructural observation results to area A. These results indicated that the resulting particles synthesized at initial pH 9.00 were fibershaped HAp single-crystals, with the direction paralleled along the long-axis to be c-axis direction, and its vertical direction to be a-axis direction. Figure 7 (a) shows a low-magnification HR-TEM micrograph of HAp nano-particles synthesized at initial pH 10.50. Ultrastructure observation was performed in a hexagonal plate-shaped crystal (area A in Fig. 7(a) ) and an irregular plate-shaped crystal As mentioned above, at low initial pH values, the products were fiber-shaped crystals with preferred orientation to the a-plane. However, at high initial pH values, the products became to plate-shaped crystals with preferred orientation to the c-plane. These differences in morphology and orientation can be explained from the work by P. Wang et al. 32 . The growth units on the c-axis direction of HAp crystal are the coordination anions Ca-P 6 O 24 , and those on the a(b)-axis direction are the coordination cations OH-Ca 6 . At low initial pH value, the concentration of OH -ions is low and as such, cations OH-Ca 6 on a(b)-axis form slowly whilst c-axis can get enough Ca 2+ to develop preferentially the coordination anions Ca-P 6 O 24 . As result, the c-axis orientated fiber-shaped particles are obtained. However, at high initial pH value, the concentration of OH -ions is high and as such, OH-Ca 6 is formed quickly, resulting in the growth rate of a(b)-axis direction become faster than that of c-axis direction. Therefore, the products are grown along to form the a(b)-axis plate-shaped particles preferred orientation to c-plane.
CONCLUSIONS
HAp nano-particles were synthesized by hydrothermal process under different initial pH values. The properties and ultrastructures of the products had been investigated by powder XRD, FT-IR, ICP-AES and HR-TEM. All the resulting particles were identified to be single-phase HAp. By increasing the initial pH values, Ca/P molar ratios increased closely to 1.67. The results of HR-TEM observation indicated that at low initial pH values, the resulting particles were fiber-shaped single crystals with preferred orientation to c-axis. However, at high initial pH values, the resulting particles were plateshaped polycrystalline with preferred orientation to a(b)-axis. In conclusion, Ca/P molar ratio, particle morphology and crystal orientation of HAp nanoparticle synthesized by hydrothermal process can be controlled by changing the initial pH value of the starting solution. 
